Abstract. Agricultural pest suppression is an important ecosystem service that may be threatened by the loss of predator diversity. This has stimulated interest in the relationship between predator biodiversity and biological control. Multiple-predator studies have shown that predators may complement or interfere with one another, but few experiments have determined if the resulting effects on prey are caused by changes in predator abundance, identity, species richness, or some combination of these factors. We experimentally isolated the effect of predator species richness on the biological control of an important agricultural pest, the green peach aphid. We found no evidence that increasing predator species richness affects aphid biological control; overall there was no strong complementarity or interference among predator species that altered the strength of aphid suppression. Instead, our experiments revealed strong effects of predator species identity, because predators varied dramatically in their per capita consumption rates. Our results are consistent with other multiple-predator studies finding strong species-identity effects and suggest that, for the biological control of aphids, conservation strategies that directly target key species will be more effective than those targeting predator biodiversity more broadly.
INTRODUCTION
Agricultural pest suppression has been identified as an important ecosystem service that may be threatened by the loss of predator biodiversity (Kruess and Tscharntke 1994, Wilby and Thomas 2002) , and it has been suggested that pest outbreaks are common in conventional agroecosystems because these simplified systems are species poor (Pimentel 1961) . These ideas suggest that managing for greater predator diversity will improve pest suppression, yet only a few experimental studies have explicitly examined the relationship between predator biodiversity and biological control (Cardinale et al. 2003 , Finke and Denno 2004 , Aquilino et al. 2005 .
Numerous studies have investigated the relationship between biodiversity and ecosystem functioning (BEF) , Hooper et al. 2005 . While these studies have focused primarily on lower trophic levels in natural systems, the knowledge gained from this body of work may be usefully applied to predators in managed systems (Wilby and Thomas 2002, Ives et al. 2005) . For example, from BEF studies it has become apparent that increasing the diversity of consumer communities almost invariably leads to greater total resource (ϭ prey) consumption . This biodiversity effect is driven by two distinct mechanisms, species complementarity and the sampling effect 1 E-mail: corystraub@wsu.edu . Species complementarity occurs through resource partitioning, when species utilize resources in different ways and combine to consume more than any single species would by itself; and through facilitation, when the presence of one species increases resource consumption by another species . ''Sampling effect'' refers to the higher probability that species-rich communities will include key species with unusually high (or low) consumption rates. Like species complementarity, the sampling effect can increase community consumption, but this latter mechanism depends on the identity of one or a few species and not on greater diversity per se. BEF experiments have attempted to distinguish between these two mechanisms to identify the components of biodiversity that must be conserved to prevent the deterioration of ecosystem functioning , Cardinale et al. 2002 . Likewise, distinguishing between species complementarity and sampling effects can provide guidance on whether practitioners of biological control through conservation should manage for greater species richness, a greater abundance of a few key species, or both components of predator biodiversity. In terrestrial predator systems there is experimental evidence for both species complementarity (Losey and Denno 1998 , Cardinale et al. 2003 , Aquilino et al. 2005 ) and species-identity effects Suttle 2001, Schmitz and Sokol-Hessner 2002) . In addition, numerous studies have highlighted the importance of (Rosenheim et al. 1993 , Ferguson and Stiling 1996 , Snyder and Ives 2001 , Finke and Denno 2004 . Thus, adding predators to a community may enhance (Losey and Denno 1998 , Cardinale et al. 2003 , Aquilino et al. 2005 or disrupt (Rosenheim et al. 1993 , Snyder and Ives 2001 , Finke and Denno 2004 herbivore suppression. However, few studies have been designed to determine whether multiple-predator impacts on prey are caused by changes in predator abundance, identity, richness, or some combination of these factors (but see Aquilino et al. [2005] ).
In the present study, we examined how increasing predator diversity affects the biological control of an important agricultural pest, the green peach aphid (Myzus persicae), on potato (Solanum tuberosum). Our experimental design allowed us to distinguish between the effects of predator species richness (species complementarity and interference) and species identity (sampling effects).
METHODS
The study was conducted at the Washington State University Othello Research Station in southcentral Washington, USA. Our focal pest, the green peach aphid, is one of the most economically damaging herbivores of potatoes in Washington . Locally, a diverse community of predators attacks green peach aphid in potatoes (the predator community has been detailed by ). Six of these taxa (hereafter called ''species'' for simplicity) were used in the work reported here (Table 1) . We would have liked to examine all of the levels of species richness and species compositions that are possible with this species pool, but this was logistically impractical. Thus, we conducted two separate experiments with different richness levels and species compositions to broaden our search for diversity effects.
The predators in our system show considerable variation in their foraging behavior (Table 1 ). This trait diversity may lead to complementary resource use. For example, the ladybird beetle Coccinella septempunctata has been shown to cause aphids to drop to the ground where they are more likely to be consumed by the ground beetle Harpalus pensylvanicus (Losey and Denno 1998) . However, intraguild predation may also occur among these predators. Nabis and Geocoris will feed on one another depending on which predator is in the larger developmental stage (Raymond 2000) , Harpalus may consume Nabis (Snyder and Wise 2001) , and many insect predators feed on aphid parasitoids (Brodeur and Rosenheim 2001) . Given that both positive and negative interactions are possible among these predator species, we had no a priori expectations regarding the value of predator diversity in this system.
Our experimental mesocosms were 2 ϫ 2 ϫ 2 m cages with 32 ϫ 32 mesh Lumite screening and a zipper on one side to allow entry (BioQuip, Gardena, California, USA). Cages were placed in a mature potato field and were randomly assigned to treatment. The cage bottom edges were buried under ϳ20 cm of soil to reduce arthropod movement in and out of the cages, and each cage was thinned to include four plants. Foliar arthropods were removed with a D-vac suction sampler (Rincon Vitova, Ventura, California, USA) and by hand searching, and ground arthropods were removed by pitfall trapping. After arthropod removal, aphids were added to the cages. All cages received an equal number of aphids on the same day, and the aphids were allowed 1-3 d to establish before the predators were reintroduced. Mean initial aphid densities were ϳ20 aphids/ cage in Experiment 1 and ϳ60 aphids/cage in Experiment 2. The predators were field-collected by D-vacuuming, pitfall traps, and by hand, and were used within 1-3 days after collection. Aphidius matricariae was obtained from laboratory colonies. For both experiments, the total density of predators per cage was within the range found in production potato fields .
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Reports
Predator communities were assembled according to three treatments: Control (no predators added), Low species richness (1 predator species added), and High species richness (3-4 predator species added). Multiple predator effects can be examined with additive experimental designs, which elevate the total abundance of predators to examine interspecific interactions, or with substitutive experimental designs, which hold the total abundance of predators constant across levels of species richness (Sih et al. 1998 ). We used a substitutive experimental design because this approach isolates the effect of increasing species richness from the effect of increasing total predator abundance. Further, while both predator species richness and abundance may be conserved by the adoption of more sustainable agriculture practices (Bengtsson et al. 2005 , Hole et al. 2005 , in Washington potatoes we have found that such practices often lead to greater predator and pest abundance . Thus, by holding the predatorto-prey ratio constant across levels of richness, the substitutive design may better reflect the biology of our system.
To further isolate the effect of predator species richness, we designed our experiments to minimize the possibility that species-identity effects (i.e., sampling effects) would be responsible for differences between the species-richness treatments. As species richness increases, so too does the probability that any one species will occur. Thus, if species X has an extreme trait value, then differences between treatments that vary in species richness might be caused by the greater representation of species X in the High-richness treatment. To minimize this possibility, the predator species were distributed so that each species was equally represented in the Low-and High-richness treatments (for predatorabundance manipulations, see Appendix A). For example, in Experiment 1, Nabis, Geocoris, Coccinella, Misumenops and Harpalus comprised 21%, 21%, 16%, 21%, and 21% of the predators, respectively, in both the Low-and High-richness treatments (Appendix A). Thus, differences between richness treatments could not be caused by differences in the relative abundance of any one species.
The species pool in Experiment 1 included five taxa (Table 1 ). In the Low-richness treatment, each predator community consisted of a single species, and each species monoculture was replicated four times (n ϭ 20 replicates). In the High-richness treatment, each predator community consisted of three species. There are 10 unique combinations of 3 from a species pool of 5. We used all 10 combinations, each replicated once, to minimize the possibility that any one species combination would be responsible for differences between the richness treatments. By minimizing such speciescomposition effects, this experimental design feature further isolates the effect of species richness , Reich et al. 2004 ). The experiment was run for 10 days.
Four species were included in Experiment 2 (Table  1) . As in the first experiment, each of the natural-enemy species was replicated four times in monoculture to create the Low-richness treatment (n ϭ 16 replicates). We increased the diversity gradient in Experiment 2 by including all four species in the High-richness treatment (n ϭ 9 replicates). As a trade-off, we were unable to vary species composition. We also extended the experiment to 20 days to allow more time for richness effects to manifest themselves. However, by day 10 aphid populations had substantially increased and we added more predators because, under natural conditions, predators aggregate in areas of high prey abundance in potato fields . We acknowledge that this predator addition may have obscured any effects of intraguild predation that occurred early in the experiment, and thus should encourage a positive relationship between predator species richness and prey suppression.
Predators were re-collected from all cages at the end of both experiments by D-vacuuming, pitfall trapping, and hand searching. From these data, the richness and total abundance of predators were calculated for each of the three treatments.
Data analyses
Two-sample t tests, ANOVA, and repeated-measures MANOVA were used to test for treatment effects in SYSTAT (SPSS 1999). We used two planned comparisons, predator addition (Low richness ϩ High richness) vs. Control, and Low richness vs. High richness, to compare the richness and abundance of predators in the three treatments at the end of the experiments. These same planned comparisons were used to measure both the effect of predator addition, and the effect of increasing predator species richness, on aphid densities. The predator-abundance data were log-transformed to improve normality and homogeneity of variance, and the aphid data were log 10 -transformed to reflect exponential population growth.
The per capita impact of each predator communitytype was calculated using the equation ln(N pa /N p )/P, where N ϭ final aphid density, pa ϭ predators absent, p ϭ predators present, and P ϭ initial predator density (Wootton 1997) . The mean for the no-predator Controls was used for the N pa term. We used the initial, rather than final, predator density because some species are more easily recovered than others (for example, Coccinella are more easily recovered than Geocoris because the former are larger, more brightly colored, and slower).
RESULTS
Despite differences in the conditions of Experiments 1 and 2, the results were similar. Thus, we present the results of both experiments simultaneously rather than presenting each experiment in turn.
FIG. 1. Aphid densities through time in both experiments.
Densities are per cage (all four plants combined); data are means Ϯ SE. Aphid populations increased through time, and the addition of predators suppressed aphid population growth relative to the no-predator Control. However, there was no effect of increasing the species richness of the predator community in either experiment.
FIG. 2.
Per capita community impacts on aphid populations in both experiments. Values less than 0 indicate aphid suppression relative to the no-predator Control. Data are means Ϯ SE. Key to abbreviations: HR, High richness; LR, Low richness; Misu., Misumenops; Harp., Harpalus; Geo., Geocoris; Nab., Nabis; Cocc., Coccinella; A. mat., Aphidius matricariae. Species richness did not affect aphid suppression (hatched bars), but species identity had a significant effect on aphid suppression (solid bars).
Predator communities were more species rich in the predator addition treatments (Low ϩ High richness) than in the no-predator Control (Expt. 1: t ϭ 2.109, df ϭ 38, P Ͻ 0.05; Expt. 2: t ϭ 4.106, df ϭ 32, P Ͻ 0.001). The High-richness treatment remained more predator species rich than the Low-richness treatment (Expt. 1: t ϭ 2.544, df ϭ 28, P Ͻ 0.05; Expt. 2: t ϭ 4.537, df ϭ 23, P Ͻ 0.001). Predators were more abundant in the predator-addition treatments than in the Control (Expt. 1: t ϭ 7.596, df ϭ 38, P Ͻ 0.001; Expt. 2: t ϭ 11.538, df ϭ 32, P Ͻ 0.001), but there was no difference in total predator abundance between levels of richness (Expt. 1: t ϭ 0.886, df ϭ 28, P Ͼ 0.10; Expt. 2: t ϭ 0.178, df ϭ 23, P Ͼ 0.05). (See Appendix B for a figure showing these results.)
Aphid populations increased through time (Expt. 1: Wilks' lambda ϭ 0.592, F 2,37 ϭ 12.730, P Ͻ 0.001; Expt. 2: Wilks' lambda ϭ 0.260, F 3,30 ϭ 28.490, P Ͻ 0.001) (Fig. 1 ) and the addition of predators significantly suppressed aphid population growth relative to the Control (Low richness ϩ High richness vs. Control; Expt. 1: F 1,38 ϭ 10.442, P Ͻ 0.01; Expt. 2: F 1,32 ϭ 5.727, P Ͻ 0.05) (Fig. 1) . In Experiment 1 the strength of aphid suppression increased through time, leading to a significant treatment ϫ time interaction (Wilks' lambda ϭ 0.828, F 2,37 ϭ 3.833, P Ͻ 0.05). Separate ANOVAs on each sample date showed that predators significantly suppressed aphids on days 5 and 10 in this first experiment (P Ͻ 0.01). The corresponding treatment ϫ time interaction in Experiment 2 was not significant (Wilks' lambda ϭ 0.860, F 3,30 ϭ 1.623, P Ͼ 0.10).
While predators did exert significant biological control, increasing the richness of the predator community had no effect on the strength of aphid suppression in either experiment (Expt. 1: treatment ϫ time Wilks' lambda ϭ 0.846, F 2,27 ϭ 2.454, P Ͼ 0.10; richness F 1,28 ϭ 1.542, P Ͼ 0.10; Expt. 2: treatment ϫ time Wilks' lambda ϭ 0.980, F 3,21 ϭ 0.142, P Ͼ 0.10; richness F 1,23 ϭ 0.072, P Ͼ 0.10) (Fig. 1) .
We calculated the per capita impact of each community type to compare the strength of aphid suppression among predator communities (Fig. 2) . Using this approach, we once again found that species richness (i.e., Low-vs. High-richness treatments) had no effect on aphid suppression (Expt. 1: t ϭ 0.472, df ϭ 28, P Ͼ 0.10; Expt. 2: t ϭ 0.655, df ϭ 23, P Ͼ 0.10) (Fig.  2) . Comparing each species in monoculture (n ϭ 4 replicates for each species), we found a significant effect of species identity on the strength of aphid suppression (Expt. 1: F 4,15 ϭ 10.635, P Ͻ 0.001; Expt. 2: F 3,12 ϭ 25.891, P Ͻ 0.001) (Fig. 2) . Nabis and Coccinella provided the greatest biological control in Experiment 1, and Coccinella provided the greatest control in Experiment 2 (Fig. 2) .
The variation in species composition within the High-richness treatment in Experiment 1 provided us with an additional opportunity to look for species identity effects. Each species occurred in 6 of the 10 communities. If these six communities have significantly more or less aphids than occur in the remaining four communities, this can be taken as indirect evidence that the presence of the shared species is responsible for the difference. Using this approach, we looked for species-identity effects for each of the five species. There was a significant species-identity effect for one species; communities with Coccinella had significantly fewer BIODIVERSITY AND BIOLOGICAL CONTROL Reports   FIG. 3 . Comparison of aphid abundance in species-rich communities from Experiment 1. Data are means Ϯ SE. Communities that included Coccinella (n ϭ 6 replicates) provided significantly stronger aphid suppression than communities that excluded Coccinella (n ϭ 4 replicates).
aphids than those without Coccinella (t ϭ 2.444, df ϭ 8, P Ͻ 0.05) (Fig. 3) .
DISCUSSION
Despite differences in experimental conditions, in both experiments we found that varying predator species richness had no effect on the strength of aphid suppression. Given that complementary resource use has been shown to occur in communities of plants , Reich et al. 2004 , herbivores (Duffy et al. 2003) and filter feeders (Norberg 2000 , Cardinale et al. 2002 , it is perhaps surprising that there was no evidence for species complementarity in the present study. However, one feature of our study, and many other multiple-predator studies (e.g., Rosenheim et al. 1993 , Ferguson and Stiling 1996 , Snyder and Ives 2001 , Finke and Denno 2004 , is that we included a single herbivore species as the resource base. By contrast, the plants, herbivores, and filter feeders almost certainly utilized various resource types in the studies mentioned above. Indeed, many of the studies showing a positive relationship between increasing predator species richness and the strength of herbivore suppression have included multiple prey species (Cardinale et al. 2003 , Ives et al. 2005 or prey life stages (Wilby and Thomas 2002) . This observation supports the idea that predator diversity may be less important for the biological control of single pest species with simple life histories (like aphids), where there is little opportunity for resource partitioning among predator species (Wilby and Thomas 2002).
While we found no evidence for species complementarity, it is also notable that there was little evidence for species interference. This result differs from those of numerous multiple-predator studies finding that interference increases with predator species richness (e.g., Rosenheim et al. 1993 , Ferguson and Stiling 1996 , Snyder and Ives 2001 , Finke and Denno 2004 . At least two explanations can account for the absence of a relationship between predator species richness and interference in our study. First, the experiments may not have been long enough to detect the positive indirect effects on prey that may result from predator interference (Snyder and Ives 2003) . Second, intraguild predation may be of little importance to herbivore suppression in our system. For intraguild predation to significantly disrupt herbivore suppression, strong interactors must be the victims of intraguild predation (e.g., Rosenheim et al. 1993) . Inspection of predator species abundances at the end of our experiments revealed no differences in abundance between richness treatments, with one exception: in Experiment 1 Geocoris was less abundant in the High-than Low-richness treatment (t ϭ 2.546, df ϭ 28, P ϭ 0.017). So while it is possible that Geocoris suffered intraguild predation in the High richness treatment, it appears that the strongest interactors in our system, Coccinella and Nabis (Fig. 2) , did not.
This study adds to a growing list of studies finding that predator species identity is an important factor in prey suppression (Schmitz and Suttle 2001 , Denoth et al. 2002 , Schmitz and Sokol-Hessner 2002 , Chalcraft and Resetarits 2003 . While negative effects of species identity are possible, for example by including a strong intraguild predator that disrupts herbivore suppression, our study found only a positive effect of species identity with increasing species richness: communities that included Coccinella provided stronger herbivore suppression than communties without Coccinella (Fig. 3) . Because predator interference did not increase with species richness, and because we found a positive effect of species identity in species-rich communities, it seems likely that greater predator species richness will improve aphid biological control through the sampling effect in our system. This is good news given that sustainable agricultural practices such as organic farming generally promote greater predator species richness (Bengtsson et al. 2005 , Hole et al. 2005 .
Finally, the finding that predator species identity is a better determinant of pest suppression than is predator species richness implies that, for the biological control of aphids, conservation strategies that target key predator species will be more effective than those targeting predator diversity per se. This result supports the common-sense view that practitioners of biological control through conservation should strive to identify and manage for the ''right'' kind of diversity (sensu Landis et al. 2000) , rather than managing for greater biodiversity itself. 
